Abstract. The behavior of water and other volatiles on Mars is key to understanding the evolution of the climate. The early climate played a fundamental role in producing the observed surface morphology and possibly in enabling the existence of an early biosphere. Geochemical and isotopic data can be used to infer the history of volatiles. On the basis of the isotopic data from the atmosphere and from components of the surface (as measured in meteorites that come from Mars), there appear to be at least two reservoirs of volatiles, one that has undergone exchange with the atmosphere and has been isotopically fractionated, and a second that is unfractionated and may represent juvenile gases. The fractionation of the atmospheric component has occurred primarily through the escape of gas to space. In addition, the atmospheric gases have mixed substantially with crustal reservoirs of volatiles. Such exchange may have occurred in aqueous or hydrothermal environments. The history of escape to space, as driven by the properties of the Sun through time, is consistent with the surface geomorphology. Together, they suggest an early environment that was substantially different from the present one and the evolution through time to a colder, dryer climate.
INTRODUCTION
Understanding the nature of the Mars volatile and climate system is crucial to understanding the history of the planet. Mars is the only planet other than Earth on which water has played a significant role in the evolution of the surface. The geology suggests that the early climate on Mars was substantially different from the present-day climate (see reviews by Carr [1996] and Squyres and Kasting [1994] ). In particular, degradation of impact craters on the oldest surfaces suggests that erosional processes were more efficient up until ϳ3.5 b.y. ago [Craddock and Maxwell, 1993] (see Figure 1 ). In addition, the presence of tributary systems of valleys requires liquid water to have been more stable on the surface than it is today [Carr, 1986 [Carr, , 1995 [Carr, , 1996 . The climate on early Mars could even have been somewhat similar to the terrestrial climate at the time when life was first forming on Earth, although the ability to produce such a warm atmosphere when the solar output was 30% less than at the present is not well understood [Kasting, 1991] ; this does, however, open up the possibility that life may have formed on early Mars [McKay and Stoker, 1989] . Although controversial, there is recent evidence in one of the Martian meteorites that may suggest the presence of fossil ancient Martian life [McKay et al., 1996] .
If the early Martian climate was substantially different from that of today, how can we quantify this difference? What volatiles were present on early Mars, how abundant were they, and what was their subsequent fate? We examine the stable isotopic compositions of the various components of the Martian surface and atmosphere in order to constrain the nature and history of volatileelement reservoirs on Mars. The mechanisms by which the atmosphere evolves are capable of fractionating isotopes, so that present-day isotope ratios are indicative of processes that have acted through time.
These processes are varied and complex. Martian atmospheric volatiles are capable of exchanging with nonatmospheric reservoirs, of being lost to space by thermal and nonthermal mechanisms, and of being lost irreversibly to the crust by chemical interactions. A schematic diagram showing the possible reservoirs for volatiles, the available pathways for exchange between reservoirs, the supply of juvenile gases to the system, and the irreversible loss to space is shown in Figure 2 . Measurements of isotopic ratios provide constraints on the degree to which each process has acted and on the evolution of the volatile system as a whole. We can examine the changes that the isotopes have undergone through time by comparing ratios of stable isotopes of a given element in the atmosphere, in surface alteration products thought to be derived from atmospheric gases, and from estimates of the initial isotope ratios in juvenile gases [Jakosky, 1991] . Atmospheric ratios come from in situ measurements from the Viking spacecraft, from spectroscopic observations using Earth-based telescopes, and most important, from samples of gases trapped in various components of the SNC (shergottites, nakhlites, Chassigny) meteorites.
The SNC meteorites are convincingly of Martian or-igin. They are pieces of volcanic rock, with crystallization ages as young as 0.18 b.y., suggesting formation on a planet large enough to allow volcanism relatively late in its history [McSween, 1985 [McSween, , 1994 . The oxygen isotopes uniquely rule out an origin on the Earth or Moon, leaving Venus and Mars as the most likely sources. Trapped gases within two of the SNC meteorites are identical in composition to the Martian atmosphere, as measured by Viking, and are distinct from any other known source of gas in the solar system, requiring that they originated on Mars [Bogard and Johnson, 1983; Pepin, 1985; Wiens et al., 1986; Marti et al., 1995] . They were presumably ejected from the Martian surface by a large impact event(s) and, eventually, found their way to Earth as meteorites [McSween, 1985 [McSween, , 1994 Gladman et al., 1996] . Isotope ratios in crustal minerals and their alteration products can be measured in these meteorites, with different components of the rocks retaining gases or volatiles from different stages in their histories. These, in turn, constrain the signatures of mantle, crustal, and atmospheric volatiles. In particular, the analysis of atmospheric gas trapped in glass in one of the SNC meteorites (EET 79001) has allowed the Viking measurements of the atmosphere to be considerably refined [e.g., Pepin, 1991] Ar, and the isotopes of Xe will reveal the most about the history of Martian volatiles. These gases either reside primarily in the atmosphere (Ar and Xe) or play major roles in determining the climate (C, H, and O as CO 2 and H 2 O). Hydrogen and deuterium can escape to space directly via thermal escape [Yung et al., 1988] . The heavier species require other escape mechanisms, however. Nitrogen, O, and C near the top of the atmosphere can receive sufficient energy to escape by various photochemical reactions, such as dissociative recombination [McElroy, 1972; Fox, 1993] . In addition, these species Figure 1 . Image of the Martian ancient cratered terrain, dating back to before about 3.5 b.y. ago. Impact craters smaller than about 15 km diameter have been completely removed, while those larger have been substantially degraded. This suggests that erosional processes were more efficient than they were subsequently and that the climate might have been different during the earlier epochs. Image is centered on about 325Њ longitude and Ϫ22Њ latitude and is an area about 800 km across. and the light noble gases Ar and Ne can be lost to space owing to the impact of O ϩ ions picked up and accelerated by the magnetic field of the impinging solar wind [Luhmann and Kozyra, 1991; Luhmann et al., 1992] . A major theme of this review is that there was a massive, early loss of the Martian atmosphere to space and that losses to space have continued at a much slower rate over the history of the planet.
We expect that the loss of atmospheric species to space through time will enrich the atmosphere in the heavier isotopes of each species because the nonthermal escape processes preferentially remove the lighter isotopes. This process occurs because the gases cease to be well mixed above what is called the homopause (the altitude below which species are well mixed, currently around 120 km altitude); between the homopause and the exobase (from where escape occurs, typically between about 190 and 210 km [Krasnopolsky, 1993] ), each species will have a scale height that is determined by its own mass. Species containing the lighter isotopes will have greater scale heights and, as a result, will have larger mixing ratios near the exobase; thus they are preferentially available for removal to space [McElroy and Yung, 1976; Jakosky et al., 1994] . The loss to space is less rapid than mixing of the upper atmosphere with the rest of the atmosphere; therefore the preferential enrichment in the heavier isotopes will be transferred to the entire atmosphere.
On the basis of analysis of the various isotope systems, we conclude the following: (1) There appear to be two major reservoirs of Martian gases, an isotopically fractionated component that has undergone exchange or mixing with the atmosphere and a component that is unfractionated and therefore represents juvenile gases. (2) There has been substantial evolution of the atmosphere by loss to space. (3) The atmospheric species have been mixed to a large degree with crustal reservoirs of each species. Exchange between the atmosphere and crust is not likely to occur extensively during the present climatic regime, so it appears either that the climate has had occasional epochs in which liquid water was stable or that the exchange occurred through hydrothermal systems that are capable of mixing volatiles to the surface even under the present climate. The likely presence of hydrothermal systems in the crust [Newsom, 1980; Brakenridge et al., 1985] and the weathering and hydrothermal alteration of crustal rocks [Gooding et al., 1991; Treiman et al., 1993; Swindle et al., 1995] argue for the latter. Thus, if the heat from impacts or volcanism can drive hydrothermal activity, exchange between the atmosphere and crust could occur even during those epochs where liquid water was climatically improbable. In addition, the occurrence of such hydrothermal systems would have substantial implications for the chemical and biological evolution of Mars.
The isotope ratios in the various components of the Martian environment are summarized in Table 1 and Figure 3 . The components of interest include the present-day Martian atmosphere, gas trapped within the glassy component of two of the SNC meteorites (thought to represent gases present in the atmosphere at the time of the impact ejection event and forced into shock melts (now glass) produced by the force of the impact), carbonate deposits (such as calcite) within the meteorites, and magmatic volatiles that are thought to represent the initial juvenile isotopic composition of each volatile component. With the exception of the spectroscopic measurement of D/H using Earth-bound telescopes, the direct isotopic measurements of the Martian atmosphere have uncertainties that are too great to be very constraining. Conversely, analyses of meteorites are of very high accuracy and precision and tell us much about the Martian environment. Below, we will discuss each of the components of the Martian volatile system and how they support the above conclusions.
EXISTENCE OF TWO VOLATILE RESERVOIRS
The range of isotopic ratios in the different components of the Martian volatile system provides an indication that at least two reservoirs of volatiles exist and can interact with each other. The physical mechanisms for the evolution of one reservoir relative to the other will be discussed in later sections. Figure 4 is a three-isotope plot of 84 Kr, 129 Xe, and 132 Xe. It shows a trend of measured values that is not consistent with a single Martian volatile reservoir or with terrestrial contamination. In particular, the spread of values suggests that mixing has occurred between two or more "end-member" reservoirs. (Conceivably, terrestrial air might be one such end-member, but the spread of values is not consistent with mixing between a single component and air.) Whereas Martian atmospheric xenon is enriched in the heavy isotopes and in radiogenic 129 Xe, "magmatic" xenon is indistinguishable from solar composition (not shown). In fact, the extreme difference between the Xe isotopic compositions of the magmatic and atmospheric reservoirs originally led Ott and Begemann [1985] to suggest that not all SNCs came from the same planet. A much more likely interpretation is that Figure 4 illustrates mixing between multiple reservoirs of gas on a single planet [Ott, 1988; Ott and Begemann, 1985; Swindle, 1995] . The juvenile magmatic component is best represented by Chassigny and acid-leached samples (which contain the most tightly bound gases) of the nakhlites [Ott, 1988; Ott et al., 1988] . Assignment of the mantle component to these lithologies is supported by models of shergottite evolution; the parent magmas of the shergottites, along with the nakhlites and Chassigny, are most consistent with their being mantle derived, with the shergottites themselves having experienced varying degrees of crustal contamination [Jones, 1989; Longhi, 1991] . The atmospheric component is best represented by the shergottites, particularly the shock melts of EET 79001, which appear to contain shock-implanted Martian air [e.g., Pepin, 1985; Marti et al., 1995] .
Multiple reservoirs of volatiles are also implied by analysis of H isotopes. Watson et al. [1994] measured the H isotopic composition of kaersutite and apatite minerals in the SNC meteorites. The D/H ratios of these minerals range from about 1.5 to 5 times terrestrial values. Often, the crystals that were analyzed were found in inclusions contained within larger crystals; thus the spread in D/H values is probably not indicative of terrestrial contamination, owing to the isolated nature of the individual crystals. It also does not represent atmosphere sampled from different geological eras, as different grains within a single meteorite contain very different values. Because atmospheric D/H is also about 5 times the terrestrial value [Owen et al., 1988; Bjoraker et al., 1989] , the spread of values probably represents mixing between an atmospheric reservoir that has been fractionated by escape to space (as discussed below) and an unfractionated reservoir that has not [Watson et al., 1994] . The most physically plausible model for this mixing is the assimilation of various hydrous materials by the SNC parent magmas, although Watson et al. [1994] do point out problems with this interpretation.
The unfractionated reservoir of hydrogen probably is water from the crust or mantle that has not been cycled through the atmosphere; it may represent groundwater, magmatic water, or hydrous alteration products of either. Taking the Watson et al. [1994] data at face value, the unfractionated water can be no heavier than their lightest measurement, about 500‰, which is 50% heavier than terrestrial values (see Table 1 and Figure 3 Romanek et al. [1994]; 3, Jull et al. [1995]; 4, Wright et al. [1988]; 5, Clayton and Mayeda [1988]; 6, Wright et al. [1992]; 7, Clayton and Mayeda [1986] ; 8, Clayton and Mayeda [1983]; 9, Carr et al. [1985] ; 10, Marti et al. [1995]; 11, Owen et al. [1988]; 12, Bjoraker et al. [1989] ; 13, Leshin et al. [1995] standard for C.) An initial value on Mars of less than 500‰ is similar to the values seen on Earth and in most meteorites and is consistent with the even lower values on Jupiter and, presumably, in the solar nebular [Zinner, 1988; Geiss and Reeves, 1981] . Although there are instances of meteorites having D/H ratios near that of the Martian atmosphere ratio (e.g., in the meteorite Semarkona [ see Zinner, 1988] ), the mass fraction of Denriched material in meteorites is typically small, and we regard these examples as extreme, preferring to believe that the planets of the inner solar system tend to be "Earthlike" in their initial D/H ratios [Pillinger, 1986; deBergh, 1993] . Consequently, the very large D/H ratios measured in some SNCs and in Martian air must represent fractionations that occurred during Martian history.
The ratio of 38 Ar/ 36 Ar in the Martian atmosphere is unique in the solar system [Pepin, 1991] and yields conclusions similar to those deduced from H and Xe. Gases measured in the shock glasses from the SNCs EET 79001 and Zagami are interpreted as representing a sample of the atmosphere that was trapped at the time of the ejection [Bogard and Johnson, 1983; Pepin, 1985] . The Martian ratio of 38 Ar/ 36 Ar is ϳ30% higher than that in the Sun or in any other solar system object (Table 1 and Figure 3 ). However, argon isotopic measurements of gas released by crushing of the EET 79001 glass, which samples a component of gas distinct from that trapped on ejection, are more consistent with 38 Ar/ 36 Ar values closer to solar or to terrestrial values [Wiens, 1988] . The existence of two different values implies the presence of a fractionated atmospheric component and an unfractionated juvenile component.
Finally, the ratio of 13 C/ 12 C also provides evidence for at least two reservoirs of volatiles. The juvenile or magmatic component is determined from the C released from the SNCs at temperatures high enough to melt the constituent minerals; they indicate a ␦ 13 C value of about Ϫ20 to Ϫ30‰ . Terrestrial magmas can be in this range even though the true mantle value is much higher (approximately Ϫ5‰ [Schidlowski, 1987] ); this difference can be due to either isotopic fractionation during outgassing or contamination by organics. However, SNC meteorite analyses that have been corrected for contamination show no obvious correlation between ␦ 13 C and total C, as would be expected if their low values were due to outgassing . Therefore we regard the SNC value of about Ϫ25‰ as representative of mantle-derived carbon. The difference between ␦ 13 C of the terrestrial and Martian mantles is within the range of values observed in meteorites, and ordinary chondrites typically have ␦ 13 C similar to the value we infer for the Martian mantle (Ϫ22 to Ϫ28‰ [Pillinger, 1986] ). In contrast, the measured values for C derived from carbonates found in the SNCs range from about zero to nearly 60‰, although it is likely that the lower values include some contamination from terrestrial carbon [Jull et al., 1995] . While some isotopic fractionation can occur during formation of carbonates, the main reason that the carbonates contain heavy C must be that the lighter 12 C has preferentially escaped to space (discussed below). The difference between ␦ 13 C in the carbonates and in the silicate minerals probably represents the existence of a fractionated reservoir in contact with the atmosphere and an unfractionated reservoir that has remained sequestered in the crust or mantle. Even if Martian mantle C were isotopically similar to terrestrial mantle C, the large difference between this value and the value in the SNC carbonates still would argue for two distinct reservoirs.
(As an aside, the newest shergottite, QUE94201, has Sr and Nd isotopic signatures indicative of a mantlederived basalt [Borg et al., 1996] ; its ␦ 13 C is Ϫ25.6‰ and its ␦ 15 N is ϩ3‰ [Grady et al., 1996] . These values are supportive of our inferred juvenile mantle signatures.)
In summary, there is substantial evidence for the existence of at least two components of gas in the SNC meteorites. One component has been fractionated isotopically in a manner that will be seen to be most consistent with escape of atmospheric gas to space. The other component shows little or no fractionation and probably represents gas that has not been outgassed to the surface. In the case of each isotopic system, the range of measured ratios implies that the meteorites have undergone differing degrees of mixing of the fractionated and unfractionated components.
EARLY ESCAPE OF VOLATILES TO SPACE
The isotopic fractionation of Xe in the Martian atmosphere provides the best evidence for an early episode of atmospheric loss. Mars atmospheric Xe is enriched in the heavy isotopes, and (with some understandable exceptions) this enrichment is a relatively smooth function of atomic mass. This type of fractionation can be produced by hydrodynamic escape of hydrogen during the early history of the planet, somewhat analogous to the solar wind; the escaping hydrogen drags along heavier species such as Xe by friction, and the lighter Xe isotopes will escape preferentially [e.g., Hunten et al., 1987; Zahnle et al., 1990] .
Although the Xe isotopic fractionation pattern suggests loss to space, the Kr isotopic pattern does not [Pepin, 1991] . Therefore Pepin [1991] postulated that during hydrodynamic escape, all noble gases (and presumably all gases) lighter than Xe must have been almost completely lost; hydrogen would have been an exception because it is the escaping hydrogen that produces the drag that causes the escape of the other species. In this scenario the Xe in the atmosphere today is primarily a remnant, a leftover from the early period of hydrodynamic escape, but the lighter noble gases currently in the atmosphere must have been released subsequently from the crust or mantle. It is possible that substantial Ar was lost by hydrodynamic escape, and the Ar isotopes fractionated, during a period in which hydrogen escape was declining and there was insufficient hydrogen to remove any Xe. However, the combination of subsequent outgassing of juvenile argon and sputtering loss of argon over time will efficiently remove any atmospheric memory of this early epoch Pepin, 1994] . It is more likely that loss to space over geologic time then explains the observed isotopic fractionation in Ar (see next section); this is consistent with the observation that both Kr and Xe are too heavy to be subject to later escape to space by the sputtering mechanism discussed in the Introduction. A feature of this Xe-evolution model is that any later degassing of mantle Xe cannot have provided so much gas as to erase the signature of hydrodynamic escape.
Although, in general, the isotopic composition of Martian atmospheric Xe is consistent with an origin from solar Xe that has been fractionated by hydrodynamic escape, 129 Xe, 134 Xe, and 136 Xe are enriched beyond the predictions of this model. These enrichments have implications for the timing of hydrodynamic loss. Xenon 129 is produced by the decay of 129 I with a half-life t 1/ 2 ϭ 16 m.y., leading Zahnle [1993] to suggest on the basis of the 129 Xe excess that hydrodynamic escape must have occurred prior to a few half-lives having passed. However, Zahnle's model assumes that the I/Xe ratio of Mars is similar to that of the Earth. An alternative approach is to examine the heavy isotopes of Xe, which have radiogenic contributions from the spontaneous fission of 244 Pu (t 1/ 2 ϭ 82 m.y.). Because Pu is a refractory nonvolatile element, its abundance in the planet is much less model dependent than that of I, and the expected amount of fission 136 Xe can be calculated. Figure 5 shows depletions of noble gases in Mars relative to Earth; neon is the most depleted, and Xe is the least. Also shown is the depletion of 136 Xe (fission Xe), calculated from the expected amount of 244 Pu and the observed amount of 136 Xe in the Martian atmosphere. The arrow denotes that this is a lower limit to the true depletion, since some of the 136 Xe in the atmosphere may not be of radiogenic origin. In fact, this calculated depletion is much below any reasonable estimate of the amount of Pu fission Xe in the Martian atmosphere. If the heavy Xe isotopes are separated into fractionated solar Xe and 244 Pu fission components, the fission Xe contribution is only ϳ6%, suggesting that the true depletion is ϳ500 times. The illogic of having that Xe, which was ostensibly produced after hydrodynamic escape, be more depleted that Xe that preexisted hydrodynamic escape ( Figure 5 ) suggests that the period of Xe. Swindle and Jones [1996] have argued that solar Xe ϩ 244 Pu fission Xe provides a more reasonable starting composition than CI Xe. This model has the advantage that only one initial planetary Xe reservoir is required, not two. Therefore our best estimate for the timing of hydrodynamic escape is that it continued until after 4.3 b.y. ago (about three half-lives of 244 Pu after accretion) but ceased prior to 4.0 b.y. ago. In addition to hydrodynamic escape, early volatile loss can occur as a result of the ejection of atmospheric species by the impact of accreting planetesimals [Melosh and Vickery, 1989; Ahrens, 1990] . This atmospheric impact erosion alone is capable of removing the bulk of atmospheric gases by near the end of the heavy bombardment, around 4.0 b.y. ago. Escape by impact is inherently nonfractionating because it removes everything in the atmosphere independent of mass. However, some fractionation can result if there has been partitioning of a species between the atmosphere and the crust. Although this process may have dominated the earliest evolution of the atmosphere, it was declining at the time of the onset of the geologic record [Melosh and Vickery, 1989] ; integrating the volatile loss back in time to the oldest epochs represented on Mars, at about 4.0 Ga rather than 4.5 Ga, would result in loss of a small fraction of the total available volatiles. It is unable to be the sole process affecting evolution of the Martian atmosphere at the times when the climate was changing in the manner suggested by the observed surface morphology.
ATMOSPHERIC LOSSES POSTDATING HYDRODYNAMIC ESCAPE
Next we can examine isotopic systems to infer the processes that have acted on Martian volatiles over geologic time. We will look primarily at D/H, 13 [Nier and McElroy, 1977; Fox, 1993] , competing processes of dissociative recombination [McElroy, 1972; Fox, 1993] , sputtering loss , and possible exchange with nitrogen in the regolith [Zent et al., 1994] complicate the physical interpretation. As a result, and because N 2 does not itself play a direct role in determining the Martian climate, we will not consider it further. Figure 6 shows a schematic representation of the timing of the processes discussed in this section relative to that of the early escape processes.
Because little or no Ar remained in the atmosphere at the end of hydrodynamic escape, Ar isotopes are the best indicator of loss to space after the termination of hydrodynamic escape. In the present era, enhancement of 38 Ar/ 36 Ar occurs by sputtering by upper atmospheric ions picked up and accelerated by the solar wind magnetic field . The observed 38 Ar/ 36 Ar is about 30% larger than solar or terrestrial values and is most consistent with loss by pick-up-ion sputtering of no less than 50%, and probably between 85 and 95%, of the atmospheric Ar Pepin, 1994; Hutchins and Jakosky, 1996; Hutchins et al., 1997] . The uncertainty in the possible fraction of Ar lost to space results primarily from the uncertainties in the outgassing history of argon: outgassing of a small amount of juvenile unfractionated gas late in Mars' history can partially reset the 38 Ar/ 36 Ar ratio and make the remaining gas appear less fractionated, thereby allowing a greater fraction of argon to have been lost without showing additional fractionation. In addition, the presence of a magnetic field during some of Mars' history could cause sputtering loss to stop or decrease [Hutchins et al., 1997] . These effects have been included in the above estimates of argon loss. The major significance here of the Ar fractionation is to support the suggestion that substantial loss of gas to space can occur by sputtering. Estimates of the efficacy of the process then can be used to constrain the degree of Figure 5 . Depletion of noble gases in the Martian atmosphere compared to the Earth. Depletions are given in grams of noble gas per gram of planet. Neon is the most depleted, and xenon is the least. Also shown is a lower limit for the depletion of 244 Pu fission 136 Xe. Here, the normalization is to total 136 Xe in the Martian atmosphere, representing a firm lower limit to the actual depletion factor. The true depletion of fission Xe is calculated to be much larger (about 500 times). A simple means of depleting Xe, without allowing the heavy isotopes to be dominated by fission contributions, is for the hydrodynamic escape episode to occur fairly late, that is, a few half-lives of 244 Pu after accretion.
loss of other species [Pepin, 1994; Hutchins and Jakosky, 1996] . The 13 C/ 12 C ratio can be used to estimate total CO 2 loss. The high 13 C/ 12 C values in carbonate grains in two of the SNC meteorites (ALH 84001 and Nakhla) suggest fractionation by up to 75‰ with respect to magmatic carbon (see Table 1 and Figure 3) . Fractionation of the carbon isotopes also can occur during carbonate formation [Jakosky, 1991] , such that the CO 2 gas from which the carbonate formed would have been up to about 55‰ heavier than magmatic carbon. An indirect measurement of 13 C/ 12 C from trapped atmospheric CO 2 in EET 79001 shock glass also yields a ␦ 13 C value substantially heavier than magmatic carbon . Although this is an estimate based on subtracting a background magmatic carbon component, the measured value of ␦ 13 C requires an enrichment to greater than 20‰ (40‰ heavier than magmatic carbon); a value of ϩ36‰ (55‰ heavier) is most consistent both with the background value and with the absolute abundance of trapped atmospheric CO 2 that would be expected on the basis of trapped noble gas abundances .
Several different processes exist that can fractionate carbon to high positive values, including fractionation in hydrothermal systems or partial decarbonation during heating [Jull et al., 1995] ; however, loss to space is the simplest and most plausible process that can produce such a large positive fractionation in a planetary environment [see Jull et al., 1995; Jakosky, 1991; Faure, 1986] . The carbonate formation process leaves the atmosphere enriched in 12 C [Jakosky, 1991] ; if some carbonate formation had occurred in addition to some loss to space, then the actual fractionation due to the escape alone might have been even larger. Escape of carbon to space will yield the observed fractionation when a minimum of 40 -70% of the C exchanging with the atmosphere has been lost [Jakosky, 1991] ; as with the argon isotopes, the fraction lost can be higher if later additions to the exchangeable reservoir (such as by outgassing) have partially reset the isotopic values. Luhmann et al. [1992] suggest that about 140 mbar of CO 2 has been lost to space, but their estimate has very large uncertainties. Although Jakosky et al. [1994] used nitrogen isotopic ratios to further constrain this process, and suggest that a 10-to 25-mbar CO 2 loss might be more appropriate, this estimate is complicated by the uncertain history and present-day reservoirs of the nitrogen [Zent et al., 1994] and the uncertain relative abundances of outgassing species. Ignoring this uncertain nitrogen constraint and relying instead on 36 Ar/ 38 Ar, the sputtering loss can be greater than estimated by Luhmann et al. [1992] . The results of Hutchins and Jakosky [1996] suggest that the initial CO 2 inventory may have been as large as 0.5 bar and that much of this may have been lost to space. Additional CO 2 may have been sequestered as carbonates in crustal materials via circulation in hydrothermal systems [Schaeffer, 1990; Griffith and Shock, 1995] or may reside deeply buried within the polar caps . Recent estimates of sputtering loss of up to several bars of CO 2 [Kass and Yung, 1995] probably are in error because they are based on assumptions regarding the physics of sputtering ejection that are unlikely to be correct [Johnson et al., 1996] . The atmospheric D/H ratio can be used as an indicator of the net fraction of hydrogen lost over time, owing to the ability of the lighter isotope to escape more readily than the heavier one [Owen et al., 1988; Yung et al., 1988] . The source of the hydrogen is the photodissociation of water, so the net loss is usually expressed as the equivalent global layer thickness of water. For a present-day atmospheric D/H that is 5 times terrestrial [Owen et al., 1988; Bjoraker et al., 1989] , at least 90% of the water must have been lost over time [Yung et al., 1988] (and possibly more, depending on the conditions under which escape occurred [Owen et al., 1988] ). Estimates of the total water loss vary from 3 to 100 m of H 2 O [Yung et al., 1988; Luhmann et al., 1992; Jakosky, 1990] . The 3-m loss estimate of Yung et al. [1988] , based on the present-day escape rate having operated throughout time, is certainly too low, given that the solar ultraviolet driver of H escape was greater in the past [Donahue, 1995] . Allowing a time-varying escape rate, with escape rates being greater in the past owing to the greater solar ultraviolet flux (and solar wind velocities and intensities and their effects on related oxygen escape), Donahue [1995] suggests that hundreds of meters of water may have escaped to space. Luhmann et al. [1992] suggested that the amount of oxygen lost by sputtering was the equivalent of about 30 m of H 2 O. Loss of 30 m of water through time would require that any present-day exchangeable reservoir contain about 3 m of water in order to explain the observed atmospheric D/H. If the polar caps are predominantly water ice and represent an exchangeable reservoir [Jakosky, 1990; Jakosky et al., 1995] , then their 10-m minimum global equivalent layer would require loss of around 90 m of water to produce the observed fractionation; however, the composition of the caps at depth is uncertain , so this estimate is also uncertain. In addition, if unfractionated juvenile water was released by volcanism or by flooding, and if it made it into the exchangeable atmosphere-plus-polar-cap system, then it would partially reset the D/H to a lower value [Carr, 1990] .
Carr [1996] puts forth an alternative view of the D/H fractionation, namely, that it was enhanced by escape of hydrogen to space during accretion, during the waning of the early hydrodynamic outflow epoch [Hunten et al., 1987; Pepin, 1991] , and during an epoch of warmer and wetter climate [Owen et al., 1988] . In the most extreme case, all crustal water could have been fractionated early; in this case, the range of D/H values in crustal rocks [Watson et al., 1994] then would indicate mixing between fractionated water and juvenile magmatic water that had not undergone fractionation. In this scenario the current atmospheric D/H value would say little about the total loss of water during the period represented by the observable geologic history. However, there is strong evidence for post-hydrodynamic-escape loss of Ar and C. For example, Pepin [1991] 18 O represents the value in the Martian atmosphere, it suggests loss to space of about 20 -30‰ of the oxygen in the system [Jakosky, 1991] ; this result must be viewed with caution, however, because the oxygen in the carbonates may have been partially replaced with terrestrial oxygen, in which case the O isotopes may not be fully Martian [Jull et al., 1995] . This low loss estimate, compared with the results for H, Ar, and C, which demand that 50 -90% of these volatiles be lost to space, suggests that the isotopic composition of oxygen has been buffered by some process.
The ability of O to exchange relatively quickly between CO 2 and H 2 O implies that any oxygen loss refers to loss from the entire exchangeable reservoirs of both CO 2 and H 2 O. At current loss rates, all of the atmospheric oxygen would be lost to space in only 10 8 years [McElroy and Yung, 1976] . With only a small fraction of the total oxygen having actually been lost, the atmospheric CO 2 and H 2 O must be mixing with a much larger nonatmospheric reservoir of volatiles [McElroy and Yung, 1976; Jakosky, 1991] . If the integrated loss to space has been of the order of 100 mbar of CO 2 and 30 m of water [e.g., Luhmann et al., 1992] , for example, then it is not possible for the combination of polar-cap CO 2 and H 2 O and regolith-adsorbed CO 2 to buffer the isotopic ratios, and a larger oxygen reservoir must exist. For the polar caps and near-surface regolith to be capable of supplying sufficient oxygen to buffer the isotopic fractionation, the amounts of CO 2 and H 2 O lost to space both must be less than, say, 250 mbar and 5 m, respectively (or some combination that gives the equivalent oxygen loss). Again, this amount of water loss is too small to be consistent with even the minimum estimates of loss through time.
An alternative nonatmospheric reservoir for O could be oxygen in silicate minerals, with exchange occurring via circulation of aqueous or hydrothermal fluids; a similar mechanism is responsible for setting the oxygen isotopes in the terrestrial oceans [Muehlenbachs and Clayton, 1976; Gregory and Taylor, 1981] and may be operating on Mars as well. If this is occurring on Mars, then exchange with silicates would set the O in groundwaters to between about zero and Ϫ40‰, with exchange at elevated temperatures resulting in ␦ 18 O in water near 0‰ or exchange at lower temperatures, although much slower, yielding values near Ϫ40‰ [e.g., Kyser, 1987] . If exchange of O with CO 2 occurs in the hydrothermal fluids, then oxygen in CO 2 would be at zero to ϩ20‰, also depending on temperature [Kyser, 1987] . As will be seen, a direct measurement of atmospheric oxygen isotope ratios, preferably in both CO 2 and H 2 O and combined with a measurement of the atmospheric carbon isotopes, would allow us to distinguish between escape to space, exchange with the polar caps, or exchange with the crust as being the dominant mechanism for oxygen evolution.
As the foregoing discussion has indicated, we believe that the volatiles in the Martian atmosphere/hydrosphere/polar caps have achieved their unique isotopic signatures by various atmospheric loss processes over geologic time. In our view, the original isotopic compositions of these volatiles greatly resembled those of the magmatic component inferred from SNC meteorites. The isotopic data for Ar, C, and H all require the loss of at least half, and more likely 90%, of the initial inventory of each gas. Nitrogen isotopes suggest that a loss of 90% of the N 2 has occurred as well, although it is difficult to determine the exact amount of loss or the partitioning of the loss between sputtering and dissociative recombination. The anomaly of the oxygen isotopes does not cause us to question this result but, rather, focuses our attention on the possibility of exchange of oxygen between the crust and atmosphere.
EXCHANGE AND MIXING BETWEEN ATMOSPHERIC VOLATILES AND THE CRUST
Comparison of the isotopic ratios in the atmosphere and in the crust (as represented by the SNCs) provides evidence of exchange of volatiles between the atmosphere and the crust. Here we discuss the implications of the H, O, and C isotopes.
As discussed earlier, the D/H ratio was enriched either by early escape during hydrodynamic outflow or by a more steady escape throughout geologic time, or both. Either way, escape to space is the only mechanism by which this large a fractionation could occur. If the enrichment in D/H occurred subsequent to the period of hydrodynamic escape, then the similarity of the current atmospheric value and the highest values measured in the SNCs requires exchange of water between the atmosphere and the crust throughout time. If, however, Martian D/H had been fractionated primarily during the earliest epochs, then we would expect that subsequent hydrogen loss throughout geologic time should fractionate it even further. If as much as 30 m of water has been lost subsequent to hydrodynamic outflow (as suggested by Luhmann et al. [1992] ), then the Martian exchangeable volatile system would need to contain 100 m of H 2 O at present in order to buffer the additional isotopic fractionation and cause the atmospheric value to be so similar to the highest value measured in the SNCs. In other words, exchange of water between the atmosphere and the crust must have occurred throughout time, independent of whether there was an early enrichment of D/H.
The ratio of 13 C/ 12 C in the SNC carbonates shows a substantial fractionation with respect to magmatic carbon, with the latter presumably representing the initial isotopic ratio of juvenile gases. Carbon in carbonate deposits has values of ␦ 13 C that range between about 10 and 75‰ greater than the magmatic values (see Table  1 ); as discussed earlier, this fractionation is most likely due to escape of C to space. Therefore these data strongly suggest that, following a substantial loss of carbon to space, the resulting fractionated C has been incorporated into crustal carbonate deposits. Again, this requires exchange of volatiles between the atmosphere and the crust.
Oxygen isotopes measured in water derived from the SNCs may provide further evidence for exchange of water between the atmosphere and the crust. Some measurements lie off of the three-isotope fractionation line defined by the 18 O, 17 O, and 16 O in Martian silicates, and are on the high-17 O side; this implies that these waters have not exchanged and equilibrated isotopically with the bulk SNCs or with their constituent minerals [Karlsson et al., 1992] . Such behavior could result from one of several mechanisms: (1) by the accretion of a late veneer of volatiles that could have different oxygen isotopic ratios than the earlier-accreted silicates [Carr and Wänke, 1992] ; (2) by escape of oxygen to space by dissociative recombination or by pickup ion sputtering that removes oxygen in relative proportions that differ slightly from the mass-dependent ratios that define the Martian fractionation line, owing to their relative abundances at the exobase [Jakosky, 1993] ; or (3) by photochemical reactions that occur in the atmosphere as oxygen exchanges between H 2 O, CO 2 , and O 3 [Jakosky, 1993; Thiemens et al., 1995] . Significantly, each of these mechanisms still requires communication between the atmosphere (or hydrosphere) and the crust in order that the atmospheric values be incorporated into the SNC rocks.
These oxygen analyses are difficult to understand, however. The most likely scenario for the incorporation of atmospheric H into the SNCs was assimilation by the SNC parent magmas of hydrous materials already present in the crust, a conclusion we will justify in more detail below. This mechanism does not work for the waters analyzed by Karlsson et al. [1992] , however, because the oxygen in the water should have exchanged with the oxygen in the magma, erasing the atmospheric signature. This is particularly true for Chassigny, whose high-temperature release of 17 O-enriched water can only be reasonably attributed to its kaersutite grains, which also contained elevated D/H [Watson et al., 1994] . Although it is possible for H to enter the kaersutites of Chassigny without losing its atmospheric signature, the same is not true for oxygen. The difference is that H is a minor component of kaersutite [Watson et al., 1994] , which is itself a minor component of Chassigny, whereas both kaersutite and its armoring olivine contain abundant oxygen. Taken together, the isotopic data require the exchange or mixing of atmospheric volatiles with crustal volatiles. The petrology of some of the SNCs suggests that the meteorites come from beneath the surface [e.g., Watson et al., 1994] , implying that the water, containing enhanced D/H, must have been mixed to some depth in the crust [Watson et al., 1994] . The O and C isotopes require exchange of volatiles between the atmosphere and the surface, but the carbonate deposits and additional water may have been deposited into the rocks after crystallization, at a time when the rocks may have been on or near the surface; thus they do not necessarily require exchange to depth. Exchange of atmospheric water with ice within a few meters of the surface can occur readily at the present epoch [e.g., Jakosky, 1993, 1995] . Exchange of CO 2 with gas adsorbed at deeper layers may occur [Fanale et al., 1982] , although the likely size of the adsorbed CO 2 reservoir and the efficacy of exchange are likely to render this exchange insignificant [Jakosky, 1991; Mellon and Jakosky, 1993] . The difficulty of substantial exchange by these two processes to depths below a couple of meters suggests that the exchange required by the D/H data must have occurred under conditions that differ from those that are representative of the present epoch.
A plausible mechanism for exchanging water between the crust and atmosphere is via circulation in hydrothermal fluids. The SNC meteorites show some mineralogical and petrological evidence for weathering and hydrothermal alteration [Gooding and Meunow, 1986; Watson et al., 1994; Treiman et al., 1993; McSween, 1994; Swindle et al., 1995] , and the inferred abundances of both crustal water and igneous activity on Mars suggest that hydrothermal systems have been present [Newsom, 1980; Brakenridge et al., 1985] . Carr [1986] suggests that the crust may contain several hundred meters of water, primarily based on the amounts of water required to carve the outflow channels. If, for example, 50 m of water has been lost to space, then the remaining reservoir that had interacted with this water and remains isotopically fractionated could be 5 m, and this abundance is sufficient to allow vigorous hydrothermal circulation. If there does exist an additional unfractionated and unoutgassed reservoir of a couple hundred meters, these waters are constrained by their D/H ratios to have had minimal exchange with the modern atmosphere. An advantage to this model for crust-atmosphere exchange is that, as long as the heat for hydrothermal activity is supplied by igneous or impact events, exchange could conceivably occur in the present epoch. Thus our model does not require a drastically different climate from that at the present.
The easiest means of incorporating this water into the SNCs is not by direct hydrothermal alteration. Rather, it is more likely that the SNC parent magmas, during their passage through the crust, assimilated hydrous materials that had been formed from water that had equilibrated with the atmospheric reservoir. This is because, with two important exceptions, the case against hydrothermal alteration of most of the SNCs themselves is moderately strong: Terrestrially, plagioclase is one of the minerals that exchanges oxygen relatively easily with hydrothermal fluids [Gregory and Taylor, 1981] . Mineral separates of the SNCs Shergotty and EET 79001, however, yield oxygen isotopic equilibration temperatures consistent with the crystallization temperature of the igneous rock; there is no isotopic evidence that plagioclase (now present as maskelynite) ever exchanged with hydrothermal fluids at lower hydrothermal temperatures [Clayton and Mayeda, 1986] . This suggests that these lithologies have not been altered substantially by hydrothermal waters.
The first exception to this observation is the nakhlites (particularly Lafayette), which contain iddingsite as an alteration product of olivine. The origin of iddingsite is complex and controversial [Deer et al., 1982] ; it can form either during the original crystallization of a hydrous magma or by later alteration. The alteration of the nakhlites probably did not occur during crystallization; had there been sufficient water at this time to produce iddingsite, the apatites that are present would be the more stable hydroxy-apatite rather than the less stable chlorapatite that is observed [Bunch and Reid, 1975; Zhu and Sverjensky, 1991] . In addition, we note that the oxygen isotope analysis in the bulk nakhlites yields slightly different values from those for SNCs which probably represent uncontaminated mantle-derived magmas (such as EET 79001) [Jones, 1989] . This difference, which is most pronounced in Lafayette, probably results from exchange with hydrothermal fluids. In fact, Ro-manek et al. [1994] found that the iddingsite in Lafayette is highly enriched in 18 O in comparison with the bulk rock. The presence of hydrothermal alteration in the nakhlites does not in itself indicate that exchange of volatiles between the crust and atmosphere has occurred, but it does strengthen the case put forward on the basis of the D/H analysis.
The second exception is ALH 84001. It contains abundant carbonate minerals . Carbonates are not igneous minerals, and their presence is a strong indication of deposition in the presence of aqueous fluids [Griffith and Shock, 1995] . The temperature at which they were deposited, however, is uncertain Romanek et al., 1994] , at least in part because of possible changes in the oxygen isotopes due to atmospheric escape. Although ALH 84001 has an old crystallization age, the formation age of the carbonates postdates all features in the rock except some minor faulting that is probably associated with the ejection event. Because the C of the carbonates in ALH 84001 can be quite heavy [Jull et al., 1995] , we prefer the interpretation that these carbonates have exchanged with Martian atmospheric volatiles fairly recently.
There is also substantial photogeological evidence in support of the existence of hydrothermal systems on Mars [Newsom, 1980; Brakenridge et al., 1985; Gulick and Baker, 1989] . Certainly, the abundant evidence for water within the crust and for widespread sources of crustal heating throughout time, from both early impacts and later volcanism, seemingly require the existence of hydrothermal systems. The occurrence of water-carved valleys in the older regions may be due at least in part to heat from impacts. Abundant valleys on the flanks of the younger, large volcanoes may be due to discharge of water at the surface driven by the heat from the volcanism [Gulick and Baker, 1989] . Figure 7 shows an example of possible hydrothermally driven surface features, including both the valleys on the flanks of one of the volcanoes and a catastrophic discharge that may have been triggered by the nearby intrusive volcanism.
An alternative to hydrothermally driven volatile exchange may be the exchange of volatiles between the atmosphere and the crust that might have occurred during occasional epochs of more clement climate during the past several billion years. A warmer climate might have allowed liquid water to be stable at the surface and to percolate downward into the regolith. Intriguing geologic evidence for glacial and stream-like features late in Martian history suggests possible epochs like this [Kargel and Strom, 1992] and theoretical analysis of the stability of CO 2 ice at the poles may point to a source for CO 2 gas that can be supplied to the atmosphere during periods of high obliquity and provide some moderate greenhouse warming . Interestingly, high-latitude ground temperatures can be well above the melting of water ice at the highest obliquities, possibly enhancing exchange. Such high temperatures do not occur at latitudes lower than about 50Њ, although water from the polar caps can be driven to the lower latitudes [Jakosky and Carr, 1985] .
CONCLUDING COMMENTS
There are at least two reservoirs of volatiles within the Martian crustal materials: one that appears fractionated because of the incorporation of atmospheric gases, and one that appears to be unfractionated and may represent juvenile gases. The degree of fractionation of atmospheric gases is indicative of the amounts of loss of volatiles from the system, and substantial amounts of water, carbon dioxide, and noble gases have been lost to space. The amounts of gas that have been lost are consistent with the geomorphological evidence for a thicker and warmer atmosphere during early epochs and with subsequent loss to space of this early atmosphere (although we note that, by themselves, the isotopic data do not specifically require a warmer early atmosphere).
There are difficulties even with this internally consistent interpretation. For example, the relatively large amounts of Xe in Chassigny [Ott, 1988] imply that significant reserves of unfractionated Xe remained in the Martian mantle until at least as recently as 1.3 b.y. ago. Why then has continued volcanism and degassing not erased or diluted the atmospheric Xe fractionated by hydrodynamic escape? At present, we have no answer to this question, so clearly our knowledge of the Martian volatile system is incomplete.
Even so, it is clear that the isotopic evidence requires substantial exchange of volatiles between the atmosphere and the crust of Mars. This exchange must have postdated the early periods that included the hydrodynamic outflow epoch as well as the earliest epochs recorded in the geologic history; it probably has occurred throughout geologic time and may be ongoing at the present. Although some exchange might occur as a result of catastrophic flooding, it appears more likely that it occurred coincident either with an occasional warmer, wetter environment or with circulation of hydrothermal fluids. The latter hypothesis is supported by the presence of hydrothermal alteration in some of the SNC meteorites.
If, in fact, hydrothermal systems were present throughout a large fraction of Martian history, there would be significant implications for Martian crustal chemistry and for possible biologic evolution. Chemical interactions between water and rock in hydrothermal systems can be responsible for changing the nature of the minerals which are present. Primary igneous minerals can become weathered by interaction with water, producing minerals similar to those seen on the Martian surface [e.g., Clark and Baird, 1979; Fuller and Hargraves, 1978] . Certainly, some sort of aqueous activity must have affected the Martian soils because the Viking measurements indicated that the sulfur concentrations were much too high for the soil to represent unweathered, unaltered basalt. In addition, hydrothermal systems are one location where life might have arisen originally on Earth [Woese, 1987; Corliss et al., 1981] ; their existence on Mars, and the ability to provide some communication between the atmosphere and the crust, opens up the possibility that they might have provided a location for an independent origin of life at some point in Mars' history [Chang, 1988; Boston et al., 1992] .
Accurate measurements of the isotopic ratios of present-day atmospheric species are required in order to understand the Martian volatile system. Oxygen and carbon measurements can be used to determine the size of nonatmospheric reservoirs of the climatically active species and the processes by which they evolve. The C Figure 7 . Image of the volcano Hadriaca Patera. The summit is in the center of the image; the flanks are incised with valleys, possibly carved by water discharged at the surface owing to hydrothermal circulation. In addition, there is a catastrophic outflow channel nearby, at the right side of the image, possibly triggered by the heat from intrusive volcanism. Image is about 300 km across.
isotopes are of especial interest because they can show fractionation due to biological activity [Schidlowski, 1987] , but the nonbiological fractionation due to escape first must be quantified. Isotopic analyses of Ar and Ne would better constrain pickup ion sputtering and atmospheric evolution with time, and an accurate D/H will help resolve water-evolution issues. Although many of these ratios have been inferred from various components of the SNC meteorites, those gases have been subjected to many processes since they resided in the Martian atmosphere, and we need to determine whether they, in fact, are representative of the present-day atmosphere. Figure 8 shows the possible interpretations that would result from new measurements of ␦ 18 O and ␦ 13 C. Clearly, accurate determinations of the isotopic abundances can distinguish between exchange of volatiles with the polar caps, exchange with the crust, and loss to space as the dominant methods of volatile evolution. 
